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Edited by Lev KisselevAbstract One of the distinctive and mysterious features of
mammalian aminoacyl-tRNA synthetases (AARSs) is the exis-
tence of stable high-molecular weight complexes containing 10
out of 20 AARSs. The composition and structure of these com-
plexes are conserved among multicellular animals. No speciﬁc
function associated with these structures has been found, and
there is no evident rationale for a particular separation of
AARSs in ‘‘complex-bound’’ and ‘‘free’’ forms. We have demon-
strated a strong association between the occurrence of AARSs in
the complexes and the volume of their substrate amino acids. The
signiﬁcance of this association is discussed in terms of the struc-
tural organization of translation in the living cell.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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factor; Translation; Amino acid; ChannelingThe structural organization of aminoacyl-tRNA synthesis is
a unique feature of animal cells. Ten out of twenty aminoacyl-
tRNA synthetases (AARSs) participate in high-molecular
weight (Mr) complexes. Of these, nine AARSs form a single
multienzyme complex, whose composition is strictly conserved
in animals ranging from nematodes to mammals [1–3]. This
multi-AARS complex contains nine AARSs speciﬁc for Asp,
Arg, Glu, Gln, Met, Ile, Leu, Pro and Lys. The complex also
contains three non-AARS proteins (p43, p38 and p18) with
largely unclear function, although p43 is known to have non-
speciﬁc tRNA-binding activity [4]. A tenth AARS, valyl-tRNA
synthetase (ValRS) does not participate in this complex, but
forms a separate complex together with four subunits (eEF1A,
eEF-1Ba, b, and c) of translation elongation factor 1 (EF-1)
[5,6]. Multienzyme complexes typically unite polypeptides that
are either involved in the same catalytic function or that cata-
lyze consecutive reactions. While the ValRS complex might
catalyze consecutive tRNA aminoacylation and binding to
EF, the multi-AARS complex is known to catalyze parallel
and independent tRNA aminoacylation reactions. The reasons
for the formation of the stable multi-AARS complex, and for
the association of ValRS with the EF, remain mysterious.Abbreviations:AARS, aminoacyl-tRNAsynthetase;ValRS, valyl-tRNA
synthetase; EF, elongation factor; Mr, molecular weight
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doi:10.1016/j.febslet.2005.05.038Numerous biochemical studies have demonstrated that the
association of AARSs into complexes is not essential for their
catalytic function ([1,7,8] for review). However, the conserva-
tion of the structure of the complexes throughout the multicel-
lular animals strongly suggests the existence of some essential
function(s) associated with this AARS organization. The rea-
son for the highly conserved pattern of grouping is unclear:
no obvious association between the occurrence of AARSs in
the complexes and the physical parameters of AARSs or their
corresponding substrates has been identiﬁed. For example,
complexes contain both class I and class II AARSs, AARSs
speciﬁc for both polar and hydrophobic amino acids, and so
on. However, the association of AARSs into complexes does
not appear to be random. For example, the multi-AARS com-
plex contains the AARSs for all of the hydrophobic non-aro-
matic amino acids, all of which contain U at the second
position of their cognate codons. The complex also contains
AARSs for all charged amino acids, and some of the amino
acids in the complex are metabolically related (Glu, Gln, Pro
and Arg, for example). However, none of these observed asso-
ciations can fully explain the existing grouping of enzymes.
When looking at the particular AARSs present in the multi-
AARS complex, we observed that the AARSs for the biggest
and the smallest amino acids were absent. The association be-
tween relative Mr of amino acids and occurrence of corre-
sponding AARSs in the complex is presented in Fig. 1A.
Since Mr most likely reﬂects other parameters more important
for molecular interaction, we tested for an association between
amino acid volume and occurrence of the corresponding
AARS in the complexes. Although, the association between
the volumes of amino acids occurring in the complex is not
stronger than the Mr association (Fig. 1B), a much better asso-
ciation is observed between the occurrence in the complexes
and the buried volume of amino acids in the protein (Fig.
1C). Amino acids with extremely large or small buried volumes
have AARSs that are excluded from the complex.
The statistical signiﬁcance of the observed association was
conﬁrmed by Monte Carlo simulations, in which we asked
how surprising it would be if the complex included a set of
amino acids as similar as those observed. Since the complexes
contain AARSs for 10 amino acids, we chose sets of 10 amino
acids at random and measured the mean and S.D. of each ran-
dom set for a range of physical and chemical parameters. We
then tested whether the actual set of 10 amino acids whose
AARSs are found in the complex was higher (or lower) on
the scale, and whether it was more (or less) variable, than eachblished by Elsevier B.V. All rights reserved.
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Fig. 1. Association of AARS occurrence in the complexes with diﬀerent measurements of amino acid properties. Amino acids with AARSs in the
complex are indicated by white bars, while those not in the complex are indicated by black bars. A measure with signiﬁcantly low variance would be
expected to group the white bars together more than chance expectations. Note that the order of amino acids changes on the diﬀerent graphs. (A) Mr,
bars sorted by Mr. (B) Amino acid volume, bars sorted by volume. (C) Amino acid buried volume, bars sorted by buried volume. Note the almost
perfect separation between black and white bars, the latter occurring in the center of the list. (D) Eﬀect of amino acid on the binding energy of
aminoacylated tRNA to bacterial elongation factor EF-Tu (for the 12 amino acids where it has been measured), bars sorted by binding energy. The
buried volume data were obtained from Creighton [24] and EF-Tu aﬃnity data from Dale et al. [14].
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value for the mean and S.D. of the physical properties of a
set of amino acids: the P-value is calculated as the fraction
of random amino acid sets that exceeded the actual amino acid
set on each of these scales. The corresponding P-values are
presented in Table 1.
The average values of these parameters for the AARSs con-
tained in the complexes sometimes diﬀer signiﬁcantly from the
‘‘small’’ and ‘‘big’’ groups, but not from the set of all 20 amino
acids. This lack of an overall diﬀerence stems from the fact that
this group was initially selected as average. In contrast, the
S.D. observed within this group is signiﬁcantly smaller than
would be expected from a randomly chosen set of amino acids,
with corresponding P-values below 0.1, demonstrating the
non-random nature of amino acid selection into this group.
Speciﬁcally, the amino acids in the complex are less variable
than we would expect by chance, consistent with the originalTable 1
Statistical analysis of association of occurrence of AARSs in the complexes
Amino acid group Mr A
Average (Da) S.D. A
All 20 118.3 31.8 1
Complex DEIKLMPQRV 120.9 16.6 1
P-value 0.42 0.013
Small GASTCN 88.8 24.3
P-value 0.001 0.21
Big WYFH 158.3 21.4 1
P-value 0.0011 0.18
The values of amino acids volume and buried volume were obtained from C
amino acids with the same number as each of the designated sets (complex, s
of the mean or S.D. smaller (or greater, depending on the direction of the pobservation that extreme amino acids (on either end of the
scale) are excluded.
To further conﬁrm the relevance of these associations, we
analyzed the AAIndex database [9–11] to ﬁnd the properties
of amino acids that are most strongly associated with the
occurrence in the complexes by repeating the Monte Carlo
procedure described above for each of the 494 measures of
amino acid properties in AAIndex. As presented in Table 2,
11 out of the 12 properties most signiﬁcantly associated with
AARS occurrence in the complex are parameters related to
the volume of amino acids (refractivity and polarizability are
highly correlated with measures of volume, with correlation
coeﬃcients ranging in the range of 0.8–0.9; the appearance
of mutability in the list is somewhat surprising, since mutabil-
ity is not highly correlated with volume). The amino acid prop-
erties that are least associated with occurrence in complexes
are also listed. They include such properties related to hydro-with Mr, volume and buried volume of amino acid residues
mino acid volume Amino acid buried volume
verage (A3) S.D. Average (A3) S.D.
09.7 28.1 151.2 43.5
16.4 18.4 159.3 22.8
0.87 0.073 0.21 0.0005
77.2 18.2 100.8 24.1
0.0001 0.13 0.00008 0.0237
39.3 18.5 205.3 25.4
0.012 0.046 0.0003 0.15
reighton [24]. P-values were calculated by randomly choosing sets of
mall, and big), and measuring the fraction of random sets with values
rediction) than the actual sets.
Table 2
Association of the AARSs occurrence in the complexes with the properties of the substrate amino acids
Measure P-value
(A) Best associations
MCMT640101:Refractivity [25], cited by Jones [26] 0.0009
LEVM760107:van der Waals parameter epsilon [27] 0.0011
CHOC750101:Average volume of buried residue [28] 0.0023
BIGC670101:Residue volume [29] 0.0025
GOLD730102:Residue volume [30] 0.0034
TSAJ990101:Volumes including the crystallographic waters using the ProtOr [31] 0.0039
TSAJ990102:Volumes not including the crystallographic waters using the ProtOr [31] 0.0039
JOND920102:Relative mutability [32] 0.004
CHOC760101:Residue accessible surface area in tripeptide [33] 0.0044
FAUJ880103:Normalized van der Waals volume [34] 0.0046
CHAM820101:Polarizability parameter [35] 0.0084
KRIW790103:Side chain volume [36] 0.089
(B) Worst associations
YUTK870101:Unfolding Gibbs energy in water, pH 7.0, [37] 0.9948
CHOP780204:Normalized frequency of N-terminal helix [38] 0.9954
PONP930101:Hydrophobicity scales [39] 0.996
RADA880101:Transfer free energy from chx to wat [40] 0.9965
MANP780101:Average surrounding hydrophobicity [41] 0.9967
NAKH900104:Normalized composition of mt-proteins [42] 0.9968
NAKH900106:Normalized composition from animal [42] 0.9968
NAKH920108:AA composition of MEM of multi-spanning proteins [43] 0.9968
KYTJ820101:Hydropathy index [44]; JURD980101:Modiﬁed Kyte-Doolittle hydrophobicity scale [45] 0.9981
NAKH920105:AA composition of MEM of single-spanning proteins [43] 0.9995
KLEP840101:Net charge [46] 1
FAUJ880112:Negative charge [34] 1
P-values showing physical and/or chemical properties with signiﬁcantly less (or more) variability for the sample of amino acids in the multi-AARS
complex than would be expected by chance. We generated 10000 random sets of 10 amino acids and measured the S.D. of the property (a measure of
spread) for each of the 493 measured properties in the AAIndex database. This Monte Carlo simulation showed directly which properties were highly
conserved in the 10 amino acids participating in the multi-AARS complex via a one-tailed test: a property in which few random samples had lower
variability than the actual set of AARSs had a low P-value, and a property in which almost all random samples had higher variability had a high
P-value. The corresponding references are reproduced from AAIindex database.
A. Wolfson, R. Knight / FEBS Letters 579 (2005) 3467–3472 3469phobicity and charge, which is intuitively clear since complexes
contain AASRs speciﬁc for all charged and most of hydropho-
bic amino acids. Thus, all the amino acid properties most
strongly associated with occurrence of the corresponding
AARS in the complexes are related to volume. This observa-
tion suggests that the AARS complexes serve as a molecular
sieve, separating the AARS speciﬁc for medium-volume amino
acids from AARSs speciﬁc for large and small amino acids.
What might the functional signiﬁcance of the observed cor-
relation be? One possibility is that it may reﬂect molecular
events occurring after tRNA aminoacylation. It has long been
proposed and experimentally conﬁrmed that the process of
tRNA transfer from AARS to the ribosome in eukaryotic cell
requires a special structural organization that facilitates tRNA
movement between the components of the translation machin-
ery [12,13]. Thus, it is possible that diﬀerent aminoacylated
tRNAs may behave diﬀerently in interactions with compo-
nents of the translation machinery, which occur after tRNA
aminoacylation and involve recognition of the amino acid side
chain of aminoacyl-tRNA. The most drastic example of the
amino acid aﬀecting the recognition properties of aminoacyl-
tRNA is the binding of aminoacyl-tRNA translation EF-1
[14–16]. Evidence demonstrating the eﬀect of the nature of
the amino acid moiety on aminoacyl-tRNA binding to A-site
of the ribosome has recently been presented [17].
After aminoacylation, all elongator tRNAs bind to EF-1A,
which delivers them to the A-site of the ribosome. Interaction
of EF-1A with aminoacylated tRNA requires the presence ofamino acid residue attached to tRNA. The amino acid residue
resides in a deep pocket on the EF-Tu (bacterial EF-1A) sur-
face [18]. Although EF-Tu binds all cognate aminoacylated
tRNAs with approximately the same eﬃciency despite diﬀer-
ences in the nature of the amino acid or the tRNA sequence,
the nature of the amino acid strongly aﬀects the strength of
binding. Bacterial EF-Tu binds amino acids and tRNA moie-
ties of aminoacyl-tRNAs independently, with signiﬁcant vari-
ation in binding energy between diﬀerent amino acids and
tRNAs [14–16,19]. In cognate aminoacylated tRNAs, the
binding energy of the amino acid and the tRNA body are bal-
anced to achieve the uniform binding of elongator tRNAs
[15,16].
No correlation is evident between AARSs occurrence in the
complex and amino acid binding energy to bacterial EF-Tu
(Fig. 1D), but the mechanism of aminoacyl-tRNA recognition
by mammalian eEF-1A may be signiﬁcantly diﬀerent from that
of bacterial Tu. Diﬀerences in tRNA binding between EF-Tu
and eEF-1A are indicated, for example, by a diﬀerent method
of discriminating against initiator tRNA. The structure of the
ﬁrst base pair of the tRNA acceptor stem is a crucial determi-
nant for EF-Tu aﬃnity, but plays a lesser role in tRNA recog-
nition by eukaryotic EF-1A [20]. Some of the residues involved
in tRNA recognition by EF-Tu are not conserved in mamma-
lian eEF-1A. The signiﬁcant changes in the composition of the
amino acid binding pocket also indicate diﬀerences in the
mechanism of amino acid recognition between bacterial and
eukaryotic EFs. The amino acid binding pocket of EF-Tu
3470 A. Wolfson, R. Knight / FEBS Letters 579 (2005) 3467–3472surrounds the amino acid in a deep cleft within the protein (Fig.
2). Several residues forming the amino acid binding pocket of
bacterial EF-Tu are substituted with more hydrophobic ones
in mammalian eEF-1A (Fig. 2). Substitutions in the amino acid
binding pocket of bacterial EF-Tu selectively alter its aﬃnity
for the amino acid [14]. Notably, the substitution of Glu226
(conserved in bacterial EF-Tu) to Gln (conserved in eukaryotic
eEF-1A) speciﬁcally decreased EF-Tu aﬃnity to strongly bind-
ing amino acids, decreasing the range of Tu aﬃnity in response
to variation in the amino acid nature [14]. The structural diﬀer-
ences between amino acid binding pocket of bacterial and
mammalian eEF-1A suggest signiﬁcant diﬀerences in the spec-
iﬁcity of aminoacyl-tRNA binding.
What mechanism might explain why the amino acid volume
would aﬀect aminoacyl-tRNA binding? The amino acid substi-
tutions in the amino acid binding pocket, which are conserved
in eukaryotic EF-1A, make it more hydrophobic than in bac-
terial EF-Tu. Introduction of an amino acid residue into the
binding pocket requires the displacement of water molecules.
The interplay of enthalpic and entropic contributions toward
amino acid binding in the pocket may speciﬁcally disfavor
binding of medium-size amino acids.
What, then, might the structural organization of AARS
have to do with the strength of aminoacyl-tRNA binding by
eEF-1A? In bacteria, the diﬀerence in the energy of amino acid
binding is counterbalanced by corresponding adjustments in
the binding strength of cognate tRNAs by changes in the
sequence [16]. It is possible that animal cells, where tRNA
diversity is much higher than in bacteria, use a diﬀerent com-
pensation mechanism. The diﬀerence in aminoacyl-tRNA
binding may be compensated for by the structural organiza-
tion of aminoacyl-tRNA delivery to eEF-1A. If we assume
that aminoacyl-tRNAs made by AARSs in the complexesFig. 2. Amino acid binding pocket of Thermus thermophilus EF-Tu [18]. Amare weaker binders, the reduced binding strength may be bal-
anced by the speciﬁc mechanism(s) of aminoacyl-tRNA trans-
fer to the EF. It is obvious in the case of the ValRS complex
with the EF, where aminoacylated tRNAVal can be directly
transferred to the eEF-1A subunit of the complex [21]. As
for the multi-AARS complex, tRNA transfer might be medi-
ated by the non-speciﬁc tRNA-binding protein p43, the exact
function of which is unknown. The possibility that class 1
AARS and Escherichia coli analog of p43 bind tRNA simulta-
neously has been demonstrated [22]. There is also evidence for
interactions between some of the complex components and
subunits of EF-1 [23], which might allow eEF-1A to dock on
the multi-AARS complex and to transfer the aminoacyl-tRNA
to eEF-1A. The idea that diﬀerent classes of aminoacyl-tRNAs
may enter the ribosome through diﬀerent pathways is indi-
rectly conﬁrmed by the existence of multiple forms of EF-1
in mammalian cells. The activity of the factor is distributed be-
tween ‘‘free’’ EF-1A, heavy form of EF-1 (EF-1H) that con-
tains eEF-1A associated with three other subunits (eEF1Ba,
b, and c), and the Val-RS\EF-1H complex. All these forms
of EF-1 are functional in vitro [5], but their speciﬁcity toward
aminoacyl-tRNAs has never been addressed.
The hypothesis presented here suggests that association of
AARSs into the complexes correlates with the ability of the
corresponding aminoacyl-tRNAs to bind eEF-1A. It predicts
the signiﬁcant diﬀerences in aminoacyl-tRNA binding speciﬁc-
ity between bacterial EF-Tu and mammalian eEF-1A. It also
predicts the existence of classes of elongator tRNAs with visi-
ble diﬀerences in binding to eEF-1A, and diﬀerences in amino-
acyl-tRNA binding speciﬁcity between diﬀerent forms of EF-1.
The function of the association of particular AARSs into the
complexes may be to provide a pathway that channels distinct
classes of aminoacyl-tRNAs to the ribosome. Disruption ofino acid replacements that occurred in human eEF-1A are indicated.
A. Wolfson, R. Knight / FEBS Letters 579 (2005) 3467–3472 3471the complex structure would then result in deregulation of
aminoacyl-tRNA delivery to the ribosomes, and, conse-
quently, in decreased translational eﬃciency.
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